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It has been purported that inflammatory cytokines may be responsible
for the aetiology of overtraining. The aim of the present study was
to investigate the relationship between self-reported measures of
overtraining and inflammatory cytokines. Eight elite male rowers
were monitored in their natural training environment for 8 weeks
prior to the 2007 Rowing World Championships. During this
period of intense endurance training, self-report measures of over-
training and inflammatory cytokines (Interleukin (IL)-1b, IL-6, IL-8,
IL-10, IL-12p70, and Tumor Necrosis Factor (TNF)-a) were
assessed fortnightly. Consistent with previous findings, proinflam-
matory cytokines IL-1b and TNF-a were significantly associated
(p £ 0.05) with measures of depressed mood, sleep disturbances,
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128 L.C. Main et al.
and stress. Similarly, IL-6 was significantly associated (p ≤ 0.01)
with measures of depressed mood, sleep disturbances, and fatigue.
These results are consistent with previous hypotheses describing
how overtraining may be caused by excessive cytokine release,
and lend further support for a cytokine hypothesis of overtraining.
KEYWORDS interleukins, fatigue, overreaching, rowing, depressed
moods
INTRODUCTION
Cytokines exert substantial effects on the central nervous system, including
production and enhancement of negative moods, appearance of physical
symptoms including lethargy and fatigue, and a range of sickness behaviours
from shivering to loss of appetite (Leventhal et al. 1998; Maier and Watkins
1998; Watkins and Maier 2000). Evidence suggests that in several infectious
autoimmune/inflammatory diseases the equilibrium between pro- and anti-
inflammatory cytokines is critically skewed (Elenkov et al. 2005). An exten-
sive body of research now exists demonstrating that there is a relationship
between systemic cytokine release and psychological depression (Armstrong
and Van Heest 2002; Connor and Leonard 1998; Licinio and Wong 1999;
Sluzewska et al. 1995). Given a number of similarities between symptoms of
depression and overtraining (eg., increased fatigue, mood disturbance,
alterations to metabolic processes), the role of cytokines in the overtraining
process recently has attracted considerable interest (Lakier-Smith 2004;
Robson 2003; Robson-Ansley, Blannin, and Gleeson 2007; Steinacker et al.
2004; Suzuki et al. 2000a; Weinstock et al. 1997).
To date, two key hypotheses implicating cytokines in the aetiology of
overtraining have been presented. The first purports that intense and
frequent training (overload) causes exercise-induced tissue trauma (Smith
2000). In turn, this tissue trauma induces a systemic inflammatory response
through the release of proinflammatory cytokines. Now recognised as part
of a highly organized, motivated strategy used to fight infection and illness,
it often is referred to as the sickness response (Maier and Watkins 1998).
Many commonly reported signs and symptoms of overtraining may be
explained as consequences of this sickness response (Fry, Morton, and
Keast 1991).
The second hypothesis implicating cytokines in the aetiology of over-
training is the IL-6 fatigue hypothesis (Robson 2003). In contrast to Smith’s
hypothesis, which implicates the physiological action of training overload,
this second hypothesis emphasises that factors aside from exercise-induced
tissue trauma trigger a deregulated inflammatory response. As a conse-


































Cytokines and Training Overload 129
an increased sensitivity to IL-6 is responsible for the chronic/persistent
fatigue associated with overtraining (Robson-Ansley and Lakier Smith 2006).
At present, there is insufficient information to either support or refute these
two hypotheses. With preliminary findings suggesting that measures of per-
ceived stress may be beneficial in monitoring the inflammatory response to
training in elite athletes at risk of overreaching (Main et al. 2009), the rela-
tionship between these inflammatory cytokines and measures of training
overload needs further investigation.
Overtraining may occur along a continuum from deliberate overload
training or overreaching (functional) to nonfunctional overreaching and
finally overtraining syndrome (Meeusen et al. 2006). For example, functional
overreaching occurs when periods of intensified training, such as during a
training camp, are performed to induce a super-compensation effect
(Steinacker et al. 2004). In comparison, it is suggested that nonfunctional
overreaching represents the point where the first signs of prolonged training
overload and hormonal disturbances occur. At this point differentiation
between nonfunctional overreaching and overtraining syndrome is very
difficult; however, homeostasis generally can be restored following non-
functional overreaching with reductions in training load (for a few weeks).
In comparison, symptoms of overtraining persist, despite training load
reductions, and therefore they represent the “prolonged maladaptation” of
several biological, metabolic, neurochemical, and hormonal regulation
mechanisms (Meeusen et al. 2006).
While numerous physiological and biochemical symptoms have been
proposed as potential indicators of overtraining, stronger and more consistent
relationships have been observed with self-report measures. Furthermore,
these same measures appear to be sensitive to the symptoms of both
short-term and long-term training overload across a range of different sports
(Morgan et al. 1987; Raglin and Morgan 1994; Raglin and Wilson 2000). With
clear signs of overreaching being found previously after 18 days of intense
training (>3 h.d−1; Steinacker et al. 2000), and in light of the recent findings
of Robson-Ansley et al. (2007), it was hypothesized that there would be a
significant relationship between self-report measures of training overload




The Australian National males lightweight crew (N = 8: Table 1) were moni-
tored fortnightly over an 8-week training period prior to the 2007 World
Rowing Championships. These athletes were selected because they had a


































130 L.C. Main et al.
carefully as medical staff believed they were at risk for similar problems
during this training period. All athletes had been rowing at a high level for
at least 4 years and were free from injury and illness during the study
period. Following institute ethics approval, written informed consent was
obtained from the athletes prior to commencement of the study.
Training Program
Athletes completed 14 training sessions each week, 10 of which were on-
water rowing workouts. The remaining sessions consisted of a combination
of weights, ergometer, and running training. Average training duration
was 24.0 hours per week (i.e., 3.4 hours per day). Approximately 80% of
the training was endurance based, while the remaining 20% consisted of
work at lactic threshold intensity and maximal sprint efforts. The athletes
trained 7 days of the week, and training volume was periodized on a
3-week cycle. Training intensity was maintained at a constant level
throughout the study.1
Testing Procedures
Similar to procedures reported elsewhere, all testing was performed at the
same time of day on a fortnightly basis during the last morning training
session for the week (Main et al. 2009). On arrival, participants were
administered the Multi-component Training Distress Scale (MTDS; Main
and Grove 2009). Capillary blood samples (50 μL) were taken 30 min after
the rowers finished their on-water session and later analysed for cytokine
levels. Due to the training schedule and other commitments, more post-
training samples could not be taken. To measure performance, athletes
completed an ergometer step test to exhaustion, before and after the
8-week training period.
1 Confidentiality agreements with the coaching staff preclude us from describing the training 
program in more detail.
TABLE 1 Participant Characteristics
Variable Mean (±SD)
Age (years) 26.56 (4.1)
Weight (kg) 73.08 (0.7)
Skinfolds Σ of 7 (mm) 33.87 (4.0)
VO2max (ml/kg/min) 65.0 (3.4)
2 km ergo test:
Time (s) 377.86 (6.4)


































Cytokines and Training Overload 131
Questionnaire
The 22-item training distress assessment model (MTDS; Main and Grove
2009) was used to monitor self-report measures of training overload. The
model combines measures of mood disturbance, perceived stress, and
symptom intensity. It includes six factors: F1, depressed mood; F2, per-
ceived vigour; F3, physical symptoms; F4, sleep disturbance; F5, per-
ceived stress; and F6, general fatigue. Comparisons of group means of
these factors with previously validated measures were consistent with
theoretical predictions, providing evidence of construct validity. Internal
consistency of the subscales also was confirmed, with Cronbach’s alphas
ranging from 0.72 to 0.86. Together, these data suggest that this model
provides a sound conceptual basis for the assessment of training overload
among athletes.
Blood Sampling and Cytokine Analysis
After applying a heat pack, fingertip capillary blood samples were taken
with a 1 ml microtainer coated with K2EDTA (Becton Dickinson ref:
365974). All samples were centrifuged for 10 min at 3,000 g; the plasma
then was separated and frozen at −80 °C (Suzuki et al. 2000b). Upon com-
pletion of the study, the cytokines (IL-1 b, IL-6, IL-8, IL-10, IL-12p70, and
TNF-a) were quantified simultaneously using a Cytometric bead array
Human Inflammation Assay kit (Becton Dickinson). These assay kits pro-
vided a mixture of six micro-bead populations with distinct fluorescent
intensities and were precoated with capture antibodies specific for each
cytokine. All had inter- and intraassay variabilities of <10%. Cytokine analysis
was done according to the instructions of the manufacturers using FLOW
cytometry.
Measurement of Performance Variables
All athletes completed a 7 × 4 min step test to exhaustion pre-and post-
training on a Concept II rowing ergometer. The protocol employed was
consistent with the requirements of the national rowing association. Athletes
did not train in the 12 hours preceding the test. On the day before the
test, the afternoon training session consisted of no more than 12 km on
water, and was of low intensity, with no additional weight training. Start-
ing workload was based on the rowers best 2 km time from the previous
season, with a standard 1 min break between steps. Athletes were
required to complete six submaximal 4 min workloads prior to beginning
the final maximal effort step. The ergometer drag factor was set at 120,



































132 L.C. Main et al.
Statistics
Due to the exploratory nature of the research, a number of analyses were
performed. First, one-way ANOVAs were performed to examine time effects
on cytokine response and the self-report measures of training overload.
Then, as there is limited empirical data on the cytokine response to mea-
sures of training overload, a Linear Mixed Modelling (LMM) approach with
the SPSS Mixed Procedure was used for the analysis of relationships
between the cytokines and self-report measures of training overload (Peugh
and Enders 2005). The LMM approach enables estimation of an individual
growth function and assessment of predictors of that function, and therefore
evaluation of predictors of individual differences in growth, while control-
ling for interindividual and time effects (Singer and Willet 2003). These
models are recognized as a robust and efficient approach to analyse contex-
tual effects within a quantitative framework, developed to work at several
levels simultaneously (Duncan, Jones, and Moon 1996). Models were used
to assess the effect of changes in the inflammatory response on measures of
training overload. A restricted maximum likelihood estimation method was
used as it is less biased with small sample sizes (Steenbergen and Jones
2002). Prior to the LMM analysis, covariate data (i.e., training distress data)
were centred using a grand mean centering protocol (Peugh and Enders
2005). All analyses were performed using SPSS, and p < 0.05 was used to
indicate statistical significance.
RESULTS
Preliminary analysis indicated that while there were some classic signs of
training overload apparent, none of the athletes developed overtraining,
and performances were fully restored (improved) prior to the World Cham-
pionships. There was a significant improvement in performance variables
measured by the step tests. Power at both lactic threshold (pre: 203.9 ± 24.4;
post: 241.1 ± 24.6, p = 0.009, d = 1.44) and anaerobic threshold (pre: 296.5
± 18.7; post: 371.0 ± 27.2, p = 0.005, d = 3.02) were significantly improved.
Average power also was significantly improved (pre: 394.3 ± 16.2; post:
423.7 ± 23.8, p = 0.017, d = 1.37). There were no significant changes over
time for any of the cytokines, nor did the total training distress score change
significantly over time from session 1 (week 2) to session 4 (week 8). There
was an effect size of 0.81 for the training distress measure, however, indicat-
ing a potentially meaningful change (Cohen 1992). Summary data are pre-
sented in Table 2.
The impact of changes in the inflammatory cytokines on measures of
training overload revealed, however, that 20 from a possible 36LMM models


































Cytokines and Training Overload 133
depressed moods were associated with significant increases in Il-1b (p <
0.001), IL-6 (p< 0.001), and TNF-a (p = 0.02). Conversely, increases in
depressed moods were associated with a significant decrease in IL-10 (p =
0.005). Similarly, increases in perceived global stress also were associated
TABLE 2 Mean (± SD) Values for the Inflammatory Cytokines (pg.ml−1) and Training Distress
Scores
Session 1 Session 2 Session 3 Session 4
TDS (total score) 25.50 (6.16) 26.50 (7.77) 28.88 (8.37) 30.00 (4.86)
IL-1b 14.48 (8.36) 10.82 (5.09) 13.44 (10.59) 7.57 (0.45)
IL-6 12.95 (4.59) 12.87 (5.44) 9.11 (1.24) 10.06 (1.70)
IL-8 26.53 (7.75) 24.01 (2.66) 19.90 (3.63) 21.30 (6.69)
IL-10 6.03 (0.74) 6.01 (1.78) 5.79 (1.01) 6.62 (1.99)
TNF-a 8.23 (0.89) 8.77 (1.41) 8.28 (0.41) 8.09 (0.58)
IL-12p70 9.12 (2.09) 9.69 (1.40) 7.75 (0.41) 8.49 (0.58)
Note: There were no significant changes with time (p < 0.05). Training Distress Scale (TDS) total score
represents the sum of the six Multi-component Training Distress Scale (MTDS) factors.
TABLE 3 Significant Estimates of Measures of Inflammatory Cytokines on the Prediction of
Factors Associated With Training Distress
95% confidence interval
Factor Estimate Lower Upper t p
Interleukin-1b
F1 Depression 1.04 0.90 1.17 21.34 <0.001
F4 Sleep disturbances −0.13 −0.17 −0.09 −8.98 0.001
F5 Stress 0.58 0.32 0.84 6.20 0.003
Interleukin-6
F1 Depression 0.47 0.44 0.50 44.03 <0.001
F2 Vigour −0.16 −0.31 −0.01 −4.92 0.045
F3 Physical SAS −0.23 −0.29 −0.18 −11.63 <0.001
F4 Sleep disturbances 0.33 0.23 0.43 10.02 0.001
F6 Fatigue 0.60 0.25 0.95 4.18 0.006
Interleukin-8
F5 Stress 1.0 0.09 1.90 3.28 0.038
Interleukin-10
F1 Depression −0.12 −0.21 −0.04 −3.22 0.005
F2 Vigour 0.28 0.27 0.30 43.63 <0.001
F3 Physical SAS 0.16 0.03 0.30 2.46 0.035
F5 Stress −0.16 −0.29 −0.02 −2.66 0.030
F6 Fatigue 0.21 0.15 0.28 10.05 <0.001
TNF-a
F1 Depression 0.06 0.01 0.11 3.19 0.020
F2 Vigour −0.07 −0.12 −0.02 −3.39 0.020
F4 Sleep disturbances 0.06 0.01 0.12 2.39 0.037
F5 Stress 0.15 0.07 0.23 4.41 0.002
F6 Fatigue 0.23 0.22 0.25 52.79 <0.001
Interleukin-12p70
F6 Fatigue 0.28 0.13 0.42 5.27 0.007


































134 L.C. Main et al.
with a significant increase in IL-1b (p = 0.003) and TNF-a (p = 0.002),
although not IL-6. Increases in stress also were significantly associated with
increases in IL-8 (p = 0.038) and was notably the only measure of training
overload to be significantly associated with IL-8. Consistent with depressed
mood values, increases in stress were associated with a significant decrease
in IL-10 (p = 0.03).
Increases in vigour were significantly associated with decreases in IL-6
(p = 0.045) and TNF- a (p = 0.02), and an increase in IL-10 (p <0.001). In
contrast, increases in fatigue were significantly associated with increases in
IL-6 (p =0.006), TNF-a (p < 0.001), and IL-12p70 (p = 0.007). Notably, fatigue
was the only measure of training overload that elicited a significant
response with IL-12p70. Increases in measures of fatigue were significantly
associated with a decrease in IL-10 (p = 0.001), which is consistent with the
aforementioned training overload factors.
Sleep disturbances were positively associated with IL-6 (p = 0.001) and
TNF-a (p = 0.037), and negatively associated with IL-1b (p = 0.001), while
physical signs and symptoms of training overload were negatively associ-
ated with IL-6 (p < 0.001) and positively associated with IL-10 (p = 0.035).
No other cytokines were significantly associated with either sleep distur-
bances or physical signs and symptoms of training overload.
DISCUSSION
Consistent with cytokine hypotheses of overtraining (Robson 2003;
Smith 2000), our results indicated that there were several significant rela-
tionships between self-report measures of training overload and markers
of the inflammatory response. These results also are consistent with the
psychoneuroimmunology literature discussing bidirectional immune-
to-brain communication outcomes (e.g., Connor and Leonard 1998;
Elenkov et al. 2005; Leventhal et al. 1998; Maier and Watkins 1998;
Licinio and Wong 1999; Watkins and Maier 1999; Kiecolt-Glaser et al.
2002). This activation of immune cells to produce physiological, behav-
ioural, affective, and cognitive changes are collectively referred to as a
sickness response, which functions to promote recuperation. Stressors
activating the sickness response, however, do not have to be pathogenic
in nature. It has been demonstrated that production of proinflammatory
cytokines can be stimulated directly by negative emotions and stressful
experiences (Kiecolt-Glaser et al. 2002). A number of the signs and
symptoms associated with overtraining are consistent with these sickness
behaviours, including fatigue or loss of energy; disturbance in appetite,
sleep, and psychomotor functions; weight loss; depressed moods; and
difficulty in thinking or maintaining attention (Suzuki et al. 2000a). Central
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and Van Heest 2002), which lends support for an IL-6 hypothesis of
overtraining (Robson 2003).
Increases in IL-6 concentrations have been implicated with behavioural
changes during periods of both physiological and psychological stress
(Owen and Steptoe 2003; Pedersen and Febbraio 2005). Consistent with this
IL-6 hypothesis, the results of the current study indicated that a number of
common symptoms of training overload were significantly associated with
increases in circulating IL-6 concentrations: specifically, depressed moods,
sleep disturbances, and fatigue. Conversely, increases in vigour were signif-
icantly associated with decreases in IL-6. It has been widely established that
IL-6 has many functions, including suggestions that it is involved in meta-
bolic processes such as inducing counter-regulatory hormones, hepatic glucose
output, and lipolysis. Furthermore, IL-6 has been proposed as a glucose reg-
ulator during prolonged exercise, all of which may impact on an over-
trained athlete. Limiting the scope of exploration to a single cytokine,
however, may prematurely limit future research.
While increases in IL-6 have been associated with the experience of
chronic fatigue in cancer patients (Valentine and Meyers 2001), sufferers of
depression (Licinio and Wong 1999; Puetz, O’Connor, and Dishman 2006),
and Chronic Fatigue Syndrome (Cannon et al. 1999; Moss, Mercandetti, and
Vojdani 1999), TNF-a also has received attention in this regard (Licinio and
Wong 1999; Moss, Mercandetti, and Vojdani 1999; Puetz, O’Connor, and
Dishman 2006; Valentine and Meyers 2001). In the current study, both IL-6
and TNF-a were significantly related to increases in fatigue and sleep distur-
bances (difficulty falling asleep, sleep disturbances, and insomnia). In addi-
tion, IL-12p70 also demonstrated a significant positive relationship with
increases in fatigue. Notably, fatigue was the only measure of training over-
load that appeared to elicit a significant response with IL-12p70. Further
research is required to determine the role of this cytokine in the experience
of fatigue, mood disturbance, and possibly the overtraining syndrome.
One of the primary behavioural states observed by researchers studying
infection and immune activation during sickness is depression (Hart 1988).
Indeed, evidence indicates that inflammatory cytokines may have a role in the
biology of depression (Connor and Leonard 1998; Licinio and Wong 1999;
Maier and Watkins 1998). Our results are consistent with these findings, indi-
cating that increases in measures of depressed moods were associated with a
significant increase in measures of Il-1b, IL-6, and TNF-a. Whether athletes
suffering from overtraining are clinically depressed remains somewhat contro-
versial; nevertheless, mood disturbance and in particular increases in mea-
sures of depressed mood are among the most consistently reported signs of
overtraining (e.g., Morgan et al. 1987; Raglin and Morgan 1994; Raglin and
Wilson 2000). Therefore, there appears to be a clear link between the experi-
ence of depressed moods and cytokine release in response to stress expo-
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Additional behavioural adjustments caused by a sickness response
include increased responsiveness to pain (Watkins and Maier 1999), as well
as a reduction in activity (Kent et al. 1992). Therefore, it may be the case
that athletes suffering from overtraining do not suffer an actual increase in
the experience of muscle aches and pains (Fry et al. 1994), but rather they
may become more sensitive to pain due to a sickness response. For exam-
ple, it has been demonstrated that hyperalgesia can be elicited simply by
administering either IL-1 or TNF-a alone (Watkins et al. 1994; Watkins et al.,
1995). However, this finding was not replicated here. Indeed, physical signs
and symptoms of training overload were negatively associated with IL-6 and
positively associated with IL-10, which is contrary to expectations, although
this may be a reflection that the training stimulus of the 8-week program
was not sufficient to elicit chronic muscle aches and pains.
The effects of exercise on inhibitory cytokine IL-10 has not yet been
widely reported (Suzuki et al. 2000a). This anti-inflammatory cytokine is
known to increase markedly in the circulation following exercise. It has
been hypothesized that its release could limit the release of the proinflam-
matory cytokines IL-1B and TNF- a after exercise (Suzuki et al. 2000b).
Therefore, while IL-10 has not yet been examined in relation to overtrain-
ing, our results appear to be consistent with expected outcomes. It has been
suggested that cytokine antagonists and inhibitory factors might be released
into the circulation as a regulatory mode of the cytokine network for adap-
tation against systemic inflammatory stress (Elenkov and Chrousos 2002).
Finally, it is empirically accepted that negative emotions and stressful
experiences can directly stimulate the production of proinflammatory cytok-
ines, which in turn can contribute to prolonged infection and delayed
wound healing, processes that can fuel sustained proinflammatory cytokine
production (Maier and Watkins 1998). With previous data providing prelim-
inary support for an association between perceived stress and the inflamma-
tory response to training (Main et al. 2009), our current data lend further
support to this premise. Increases in measures of perceived global stress
were significantly associated with increases in proinflammatory cytokines
IL-1b, TNF-a, and IL-8. Notably, perceived stress was the only measure of
training overload to be significantly associated with IL-8. While it recently
has been demonstrated that endurance exercise induces systemic release of
IL-8 (Suzuki et al. 2000b), however, further research is required to elucidate
the possible role or impact of IL-8 in overtraining.
CONCLUSIONS
At present, data on training overload in elite athletes and the inflammatory
response is limited. Empirical findings have implicated increases in inflam-


































Cytokines and Training Overload 137
increases in fatigue during both physiological and psychological stress. Our
findings represent a further step in our understanding of the potential rela-
tionship between over-reaching and cytokines. Twenty significant relation-
ships between self-report measures of training overload and various
measures of the inflammatory response were found. These results also were
consistent with previously proposed hypothetical constructs describing how
overtraining may be caused by excessive cytokine release or, as with
depression, dysfunction of these same inflammatory mediators. Furthermore,
given the presence of significant relationships between these biological and
self-report markers despite the absence of severe overtraining symptoms,
our findings reinforce the general benefits of combining these two types of
measures as well as the specific benefits of examining both stress percep-
tions and stress physiology during heavy training. Further field-based longi-
tudinal research is required in a variety of sports, and with a larger sample,
to examine these parameters further. Future research would benefit from
acquiring blood samples, both pre-and postexercise, to quantify the amount
of cytokine release associated with individual training sessions. While these
results provide preliminary support for a cytokine hypothesis of overtraining,
further research is required.
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